Increased mitochondrial DNA (mtDNA) copy number in peripheral blood cells (PBC) has been associated with the risk of developing several tumor types. Here we evaluate sources of variation of this biomarker and its association with breast cancer risk in a prospective cohort study. mtDNA copy number was measured using quantitative real-time PCR on PBC DNA samples from participants in the UK-based Breakthrough Generations Study. Temporal and assay variation was evaluated in a serial study of 91 women, with two blood samples collected approximately 6-years apart. Then, associations with breast cancer risk factors and risk were evaluated in 1,108 cases and 1,099 controls using a nested case-control design. In the serial study, mtDNA copy number showed low assay variation but large temporal variation [assay intraclass correlation coefficient (ICC), 79.3%-87.9%; temporal ICC, 38.3%). Higher mtDNA copy number was significantly associated with younger age at blood collection, being premenopausal, having an older age at menopause, and never taking HRT, both in cases and controls. Based on measurements in a single blood sample taken on average 6 years before diagnosis, higher mtDNA copy number was associated with increased breast cancer risk [OR (95% CI) for highest versus lowest quartile, 1.37 (1.02-1.83); P trend ¼ 0.007]. In conclusion, mtDNA copy number is associated with breast cancer risk and represents a promising biomarker for risk assessment. The relatively large temporal variation should be taken into account in future analyses. Cancer Res; 75(14); 1-7. Ó2015 AACR.
Introduction
Mitochondria are responsible for multiple cellular functions, including regulation of energy production, modulation of oxidation-reduction status, generation of reactive oxygen species, and apoptosis (1) . Each mitochondrion possesses multiple copies of a mitochondrial genome comprised of independently replicating double-stranded DNA (mtDNA; ref. 1) . mtDNA lacks protective histones and has limited capacity for repairing damage. This, in conjunction with a high level of exposure of the mitochondrial genome to oxidative damage, results in a comparatively higher mutation rate than typically observed in nuclear genomic DNA (gDNA). In contrast with gDNA, the integrity of which is maintained by sophisticated repair mechanisms, mitochondria compensate for mtDNA damage by increasing mtDNA copy number (2) . Therefore, mtDNA copy number has been proposed as a marker of DNA damage and oxidative stress (3, 4) .
Oxidative stress is thought to play an important role in breast carcinogenesis, with breast tumors showing frequent alterations in mtDNA (5) (6) (7) . However, the role of these alterations in breast cancer initiation and development is not well understood (5) . The evidence regarding the association between mtDNA copy numbers in peripheral blood cells (PBC) and risk of breast cancer is also limited. In a retrospective study with postdiagnostic blood samples including 103 case-control pairs, Shen and colleagues (8) found that high mtDNA copy number in PBCs was associated with increased risk of breast cancer, and several endogenous oxidants and antioxidants. A small prospective study of 183 breast cancer cases and 529 controls in China also found a similar association with breast cancer risk; however, data suggested that the association was present only in samples collected close to diagnosis (9) . In contrast, reduced mtDNA copy number was shown to be correlated with tumor progression in Chinese patients with breast cancer (10) .
Higher mtDNA copy number in PBCs has also been associated with the risk of developing other tumor types in prospective cohort studies, including non-Hodgkin lymphoma (11) , lung cancer (12) , pancreatic cancer (13) , and colorectal cancer (14) . Conversely, a retrospective case-control study showed an increased risk of renal cancer associated with decreased mtDNA copy number (15) . All of these studies measured mtDNA copy number at a single point in time, and little is known about the sources of variation of this biomarker in the population, which maybe important to interpret findings from epidemiologic studies (16) .
Here, we evaluate sources of variation of mtDNA copy number and its association with breast cancer risk in the Breakthrough Generations Study (BGS), a prospective cohort study of more than 113,000 women in the United Kingdom.
Patients and Methods

Study population
The study design is depicted in the flow chart in Fig. 1 . BGS is a prospective cohort study of breast cancer that has recruited 113,073 women over the period 2003 to 2013 (17) . All participants were asked to complete a risk factor questionnaire and provide a blood sample at recruitment (T0). All women are followed up via repeat questionnaires; for women recruited during 2004 and 2005 a second blood sample was also requested at follow up, 5 to 6 years after recruitment (T1). Repeat blood samples were available for 8,738 women.
Analyses in this report are based on two study populations nested within the BGS. The first population (referred to hereafter as the "serial study") included a random sample of 91 participants who were recruited in 2004 and provided a blood sample at baseline (T0) and follow-up (T1), and met the following selection criteria: free of breast cancer at T1, no family relatives in the serial study, and less than 2 days between venipuncture and blood sample processing.
The second study population (referred to as the "nested casecontrol study") included incident invasive or in situ breast cancer cases and controls individually matched to cases by recruitment source (i.e., Breakthrough Breast Cancer charity supporters, selfreferral, or referral by existing study members), year of enrollment (i.e., year of baseline questionnaire/blood sample), ethnicity, birth date (within 12 months), availability of blood sample, and interval between venipuncture and blood arrival at the processing laboratory.
We originally identified 1,110 eligible case-control pairs. Thirteen samples were excluded from the analysis due to low amount of DNA available or assay failure, leaving 2,207 subjects available for analyses; these included 1,108 cases (953 invasive, 142 in situ, and 13 unknown invasiveness) and 1,099 controls.
Women were classified as postmenopausal if they had a natural menopause or a bilateral oophorectomy at least 2 years before blood draw at T0. Where the women's menopausal status was unknown, they were classified as postmenopausal if they were !55 (current smokers) or !56 (never/former smokers) years old at enrollment. Otherwise, women were classified as premenopausal. Oral contraceptive (OC) and hormone replacement therapy (HRT) status was classified as never, former (last use !1 year before enrollment), and current (last use <1 year before enrollment) use. Smoking status was classified as never, former (last smoked !1 year before enrollment), and current (last smoked <1 year before enrollment) smoker.
The local Institutional Review Board and the South East MultiCentre Research Ethics Committee approved the study protocol. All study participants provided signed consent to participate in the study.
Blood processing and DNA extraction
Blood samples were collected into EDTA coated Vacutainers (BD Biosciences) and returned to our laboratories by post. Samples were separated into buffy coat and plasma and stored in liquid nitrogen tanks. Buffy coat samples were sent for DNA extraction in one batch (2011) for the serial study, and in three batches (2009, 2011, and 2013) for the case-control study. Qiagen DNA Blood Mini Kits were used for DNA extraction, with the exception of samples from 29 cases and 15 controls extracted by Tepnel Life Sciences. DNA was quantified using Quant-iT PicoGreen dsDNA kits (Invitrogen) according to the manufacturer's recommendations.
mtDNA copy number mtDNA copy number was measured using a quantitative realtime PCR-based protocol based upon previously published methods (13, 15) . All quantitative real-time PCR reactions were performed using an Applied Biosystems 7900 Real-Time PCR System (Applied Biosystems).
Briefly, the amount of genomic and mitochondrial DNA in each sample was estimated from standard curves prepared by serial dilution of reference DNA. PCR primers were designed to amplify the mitochondrial gene MT-ND1 and the single-copy constitutional gene ALB (18) in separate 14-mL reactions containing 7 mL of SYBR Green Master Mix (Applied Biosystems), 200 nmol/L of forward and reverse primers, and 5 ng gDNA. Primer sequences and thermal cycling conditions are shown in Supplementary Table  S1 . For ALB, a seven-point standard curve (range, 0.3125-20 ng) was constructed using gDNA of known concentration. To estimate total mtDNA copy number, a 69-bp fragment of the mitochondrial gene MT-ND1 was cloned into a pCR 2.1-TOPO vector, which was subsequently linearized and used to construct a seven-point standard curve (range, 3.125 Â 10 À3 -2.0 ng). Both standard curves were optimized to give an R 2 of 0.99 or greater and PCR efficiency (slope) of between À3.1 and À3.5.
The number of copies of MT-ND1 and ALB per sample were then calculated using the following formula: For each sample, average mtDNA copy number per cell was expressed as a ratio of MT-NT1 copy number to ALB copy number. Estimates of sample MT-NT1 and ALB copy number were based on three replicates for samples from the serial study and two replicates for samples from the case-control study. Replicated samples were included in the same real-time experiment.
mtDNA copy number assays were performed in two phases. Phase I (April 2012) included samples from the 91 serial samples and 230 case-control pairs. Phase II (August 2013) included samples from an additional 880 case-control pairs. Duplicate samples from 97 subjects (47 subjects in phase I and 50 subjects in phase II) were included for quality control (QC) purposes. The same 47 phase I QC samples were also processed in phase II to enable evaluation of variation between phases.
The pairs of DNA samples for T0-T1 pairs and case-control pairs were randomly sorted within the same DNA plate. All samples were processed and analyzed in the same manner, and laboratory personnel were blinded to T0-T1 or case-control status, and QC status.
The intraassay coefficient of variability (CV) for the mtDNA copy number in the serial study was 7.3% [95% confidence intervals (95% CI), 5.7%-8.8%] in T0 and 7.0% (95% CI, 5.9%-8.2%) in T1. For the samples in the case-control study, the CV was 10.5% for phase I (95% CI, 8.1%-12.8%) based on blinded duplicated aliquots from 47 women and 3.7% (95% CI, 3.0-4.6%) for phase II (based on blinded duplicated aliquots from 50 women). The interphase CV was 7.6% (95% CI, 5.6%-9.5%) based on 47 women with blinded aliquots included in both phases). A Z-score of the natural logarithm of copy number per cell was calculated separately for phases I and II, to normalize and standardize the distributions before combining the data from the two phases. T tests were used to compare mean Z-scores in different groups of women.
Serial study. Between-subject and within-subject variation was assessed using serial samples from 91 participants collected at two time points, baseline (T0) and approximately 6 years later (T1), measured in triplicates. The three measures in each time point allowed separating the assay and temporal components of the within-subject variation. Nine measurements were removed from the analysis; four had undetermined measurements of mtDNA (three at T0, and one at T1), four had undetermined measurements of gDNA (all at T0), and one had an out-of-range ratio of mtDNA to gDNA (at T0). This resulted in a total of 537 measurements on samples from 91 subjects included in the analyses.
The intraclass correlation coefficient (ICC) of the Z-score of mtDNA copy number was used to quantify the between-subject variation in the study population relative to the total variation (i.e., sum of the between-subject variance and within-subject variation). Within-subject variation reflects the variation due to changes in a subject's measurement over time, as well as assay variation. The temporal ICC was estimated by removing the assay variation from the total within-subject variation to estimate the temporal variance, and was defined as the ratio of between-subject variance to the sum of between-subject variance plus temporal variance. The assay ICC at each time point, T0 and T1, was also calculated based on three measurements within each time point, and was defined as the ratio of between-subject variance to the sum of between-subject variance plus assay variance at a given time point.
Nested case-control study. The Z-score of mtDNA copy number was analyzed as both categorical (quartiles or deciles defined according to the distribution in the control population) and continuous variables. Distributions of individual characteristics across quartiles of mtDNA Z-score were assessed separately for cases and controls. Median and 25th, 75th percentiles were used describe the central tendency and spread of the distribution of continuous characteristics as the distribution of many of these variables was skewed. Distributions of continuous characteristics were compared for top and bottom quartiles using the WilcoxonMann-Whitney rank sum test. For categorical characteristics, we compared frequencies across quartiles of mtDNA using a x 2 test. We also performed tests for trend using linear regression models for continuous characteristics, with the Z-score of mtDNA copy number as the outcome variable.
Conditional logistic regression for matched pairs was used to estimate odds ratios (OR) and 95% CI for breast cancer risk in relation to mtDNA copy number. Models included indicator variables for 19 shipping dates when buffy coats were pulled from LN 2 freezers and sent to the DNA extraction laboratory (extractions were done in three batches, including 10, 6, and 3 different buffy coat shipping dates each) in the conditional logistic analyses. In addition, we ran restricted analyses including only casecontrol pairs with samples extracted within the same batch. Interactions between mtDNA copy number and covariates were evaluated by including main effect and interaction terms in the conditional logistic models. A likelihood ratio test (LRT) comparing models with main effects only to models with main effects and interaction terms was used to test for interaction. Conditional analyses resulted in the loss of 55 cases and 46 controls due to missing data in one of the case-control pairs, resulting in a total of 1,053 matched pairs available for analyses.
All statistical tests were two-sided with P < 0.05 used as the threshold for statistical significance. All analyses were performed in STATA (Release 12; StataCorp).
Results
Serial study
Participants in the serial study (N ¼ 91) had a median (25th, 75th percentile) age of 53 (47, 60) years at enrollment, and had an average of 6 years (range, 5-7 years) between the two blood collections at baseline (T0) and follow-up (T1). The median time that buffy coats were frozen in LN 2 before being pulled for DNA extraction (LN 2 freezing time) was 7.0 years (25th, 75th percentile: 6.9, 7.3) for T0 samples and 1.2 years (1.1, 1.2) for T1.
There was a relatively low correlation (Spearman r ¼ 0.35; P ¼ 0.0006) between the mtDNA copy number for each subject (average of the triplicate measurements) in T0 and T1 ( Supplementary  Fig. S1 ). The Z-scores for mtDNA copy number within a subject tended to be lower in T1 than T0 [mean (SD), À0.151 (0.94) and 0.163 (0.94), respectively; paired t test P ¼ 0.006). The total ICC for the Z-score of mtDNA copy number was estimated to be 32.7% [95% CI (14.3%-51.1%; Table 1 )]. Separation of the assay and temporal components of the within-subject variation indicated low assay variation, whereas changes in measurements between the T0 and T1 explained most of the within-subject variation. The assay ICC was 79.3% (72.9%-87.9%) at T0 and 87.9% (84.0%-91.9%) at T1. In contrast, the temporal ICC after accounting for assay variation was 38.3% (18.0%-55.5%). Changes in age between T0 and T1 had little impact on estimates of the temporal variation (data not shown).
Nested case-control study
The median (25th, 75th percentile) age at enrollment was 55 (47, 61) for both controls and cases. The median (25th, 75th percentile) time between blood collection and breast cancer diagnosis in cases was 2.3 (1.3, 4.0) years. Approximately 60% of cases and controls were postmenopausal at baseline. Selected characteristics among cases and controls are summarized by quartiles of mtDNA copy number in Table 2 and Table 3 . Compared with women with lower levels of mtDNA copy number, those with higher levels were younger, more often premenopausal, and when postmenopausal, they had later ages at menopause and had more often never taken HRT. A higher percentage of cases in the higher quartiles were former users of OCs (P < 0.001). However, this association was not seen in controls (P ¼ 0.928). Similarly, women in the highest quartile had shorter duration of alcohol use in controls (P ¼ 0.007) but not in cases (P ¼ 0.535).
Cases had a higher average Z-score for mtDNA copy number than controls [mean (SD), 0.145 (1.03) and À0.005 (0.99), respectively; paired t test P ¼ 0.0004)]. Conditional logistic analyses including 1,053 matched pairs, adjusting for buffy coat shipping date, showed strong evidence for an association between increasing mtDNA copy number and breast cancer risk when mtDNA was considered as a continuous variable (P trend ¼ 0.007). Women in the highest quartile of mtDNA copy number had a higher risk of developing breast cancer compared with women in the lowest quartile (OR, 1.37; 95% CI, 1.02-1.83; P ¼ 0.037; Table 4 ). Decile analyses confirmed a dose-response relationship with increasing levels of mtDNA copy number and suggested a plateau effect (Supplementary Fig. S2 ). Analyses restricted to the 713 case-control pairs with DNA samples extracted with the same method (Qiagen Mini Kits) and in the same batch (68% of the total) showed similar risk associations to those in analyses based on the remainder of the samples (N ¼ 340 pairs) adjusted by buffy coat shipping date (Supplementary Table  S2 ; P interaction ¼ 0.657).
The mtDNA copy number association with breast cancer risk was not significantly modified by age at blood collection [P (1 df ). We saw no significant differences in the risk association by invasiveness (invasive vs. in situ, case-only P heterogeneity ¼ 0.781) or by estrogen receptor (ER) status of invasive tumors (case-only P heterogeneity ¼ 0.524, based on 609 ER þ and 106 ER À tumors).
Discussion
Our data provide evidence for an association between mtDNA copy number measured in PBC samples and risk of subsequently developing breast cancer, based on analyses of more than 1,000 case-control pairs from a prospective cohort study. Two previous reports, a nested case-control study of 183 breast cancers and 529 controls in China using prediagnostic samples (9) and a casecontrol study of 103 case-control pairs in the United States using postdiagnostic samples (8) , reported an association between increasing mtDNA copy number and breast cancer risk. Our data provide strong confirmation of these results and more precise measures of association based on a study with more than five times the number of cases in previous reports.
Multiple factors are likely to determine mtDNA copy number in a particular cell type. Evidence in the literature suggests that there is an increase in mtDNA copy number per cell due to some forms of oxidative stress, age, T-cell activation, or exposure to benzene compounds (2, 3, 19) . We observed an inverse association between mtDNA copy number in PBCs and age at blood collection: women in the highest quartile were on average 2 to 3 years younger than women in the lowest quartile. This unexpected result has not been reported in previous studies of smaller size (12) (13) (14) 20) and therefore requires confirmation. Most individual characteristics evaluated in this report were not associated with mtDNA copy number, which is consistent with previous reports (9, 13, 14, 20) . mtDNA copy number has been associated with smoking in a previous study (13) . We did not confirm this association; however, this could be due to low levels of smoking in our study population. Reproductive history was not associated with mtDNA copy number, with the possible exception of an association between later age at menopause and HRT never usage and increased mtDNA copy number. The potential associations with OC and alcohol use require further confirmation. Other factors related to the methods used, such as DNA extraction and white blood cell type composition could also influence the measures of mtDNA. We accounted for DNA extraction batch in our analyses. However, we did not have a measure of blood cell composition and if it varied between cases and controls, it could have mediated the observed associations. Strengths of our study include having prospectively collected blood samples and the large sample size. Contrary to the only previous prospective study (9) , our data showed a stronger association with risk when mtDNA copy number was measured in samples collected longer before the date of diagnosis or control selection, with the strongest association found for samples collected 4 years or longer before diagnosis/selection. This indicates that preclinical disease is unlikely to explain the observed association with increased breast cancer risk, and suggests early rather than late-acting biologic effects of oxidative stress or other correlates of mtDNA copy number on breast cancer risk. Other explanations for an apparent lag effect include preclinical effects of the tumor that result in a lower average mtDNA copy number in blood cells of samples taken close to diagnosis. However, this finding requires confirmation in further prospective studies, preferably with a larger range of follow up times or multiple samples collected at different points in time. Other measures of mitochondrial genome instability, such as length heteroplasmy in the hypervariable regions of mtDNA, have been suggested to influence breast cancer risk (21); however, they are not evaluated in this report.
The serial study with repeated measurements of mtDNA copy number in the same subject approximately 6-years apart indicated that although the assay variation was small, repeated measurements for the same individual at two points in time varied substantially, resulting in a low total ICC when both assay and temporal variation were taken into account (total ICC, 32.7%). Although DNA samples from T0 and T1 were processed and analyzed at the same time, samples in T0 had been stored approximately for 6 years longer than samples in T1, with very little variation in storage time within the two time points. Changes in mtDNA during storage could contribute to the observed differences between T0 and T1; however, this is unlikely given that storage time was unrelated to mtDNA copy number in the case-control study after adjusting for batch effects (P ¼ 0.813).
Temporal variation in mtDNA copy number in prospective studies with a single DNA sample taken before diagnosis (11) (12) (13) (14) is likely to introduce measurement error that is nondifferential to disease status, and thus would tend to underestimate of the underlying risk association. Accounting for temporal changes in prospective studies with multiple repeated blood samples over time would provide additional insights into the relationship between mtDNA copy number and the risk of developing breast cancer. However, most prospective cohort studies only have a single sample per subject due to the challenges and expense of collecting multiple samples before diagnosis.
In conclusion, our prospective study provides evidence for an association between higher mtDNA copy number in PBCs at a single point in time before diagnosis and increased breast cancer risk. This finding provides indirect support for a possible role of oxidative stress in breast carcinogenesis.
